In higher eukaryotes centromeres often coalesce into a large intranuclear domain called the 
HMR and dCenpA and determined the proteome in proximity of HMR and HP1a using APEX2 based 1 proximity biotinylation. Our results suggest that HMR is located at boundaries between HP1a 2 containing heterochromatin and centromeric or transcriptionally active chromatin. Besides the 3 proximity to heterochromatic and known centromeric factors we also observe a close proximity of 4 HMR to nucleolar proteins, transcription factors, nuclear pore components and the condensin and 5 cohesin complex. These findings suggest an important role of HMR in orchestrating the formation of 6 the evolutionarily very dynamic chromocenter domain. As a consequence, the differential regulation of 7 HMR in different species of Drosophila results in complex mitotic defects in hybrid animals containing 8 two different and separately evolved genomes.
9

RESULTS
10
HMR and dCenpA form an interdigitated centromeric network
11
To confirm the previously detected centromeric localization of HMR in Drosophila cells with another 12 antibody, we performed immunofluorescent staining using a FLAG antibody in a cell line where HMR 13 is endogenously tagged with the FLAG epitope at the C-terminus using CRISPR/Cas9 (20).
14 Consistent with our previous results (13) most of the FLAG signals co-localize with the signal we 15 obtained when using an anti-dCenpA antibody, which confirms the close proximity of HMR and 16 centromeric chromatin during interphase ( Figure 1A) . Notably, the quantitation of more than 120 17 interphase centromeres indicated that 57% of all centromere foci overlap with HMR foci. This
18
suggests that the localization of HMR to the centromere is either cell cycle regulated or specific for a To further unravel the details of this architectural meshwork at the chromocenter, we generated 1 stable cell lines expressing HMR and HP1a fused to an engineered ascorbate peroxidase from 2 soybean (APEX2) under a copper inducible promoter to perform proximity biotinylation ( Fig. 2A) .
3
Upon treatment of APEX2 expressing cells with biotin phenol and hydrogen peroxide a localized burst 4 of diffusible biotin-phenoxyl radicals is generated. These radicals then react with nearby (< 20 nm) 5 electron rich amino acid side chains leading to the biotinylation of neighboring proteins that can be 6 subsequently purified and identified using shot gun mass spectrometry (26-32). We confirmed the 7 expression of ectopic proteins by Western blotting using antibodies against HMR, HP1a and APEX2
8
( Fig. 2B ). The APEX2 protein was fused to a double nuclear localization signal to determine the non-9 targeted nuclear proteome. To perform the biotinylation reaction at physiological protein levels, we 10 used non-inducing conditions for HMRAP expression but induced the expression of HP1aAP ( 
17
HMR and HP1a APEX2 fusion proteins biotinylate defined nuclear domains
18
To analyze the localization of the biotinylation by the expressed fusion proteins, we stained the cell 19 lines for APEX2 and biotin after performing an in situ biotinylation reaction (Fig. 3A) . Consistent with 20 the limited diffusion of the phenoxy radicals generated by APEX2, we observed a strong biotinylation 21 signal colocalizing with the APEX2-fusion proteins (Fig. 3B) . Cells that do not express nuclear APEX2 
32
Proteomic analysis of HMR and HP1a containing domains
33
Upon in vivo biotinylation, we compared the individual proteomes from cell lines expressing HMRAP,
34
HP1AP and APEXNLS that were either treated with biotin-phenol and H2O2 or with DMSO only ( 
1
HP1aAP and the APEXNLS proteome (71%), which was not the case for HMRAP and APEXNLS (44%).
2
The latter finding may reflect the lower expression level of HMR, the lower mobility and the more 3 specific localization of HMRAP compared to HP1aAP (Fig. 3B ). To further characterize the different 4 proteomic composition within the three proximity proteomes we compared the enriched GO terms 5 using the Gene Ontology Consortium tool (http://www.geneontology.org) (Supplementary Tab. S3).
6
Consistent with its known function we found the GO terms such as chromatin silencing, histone 7 modification and positive regulation of chromatin organization for HP1aAP. For HMRAP, we found the 8 GO terms heterochromatin organization involved in chromatin silencing, telomere maintenance, 9 mitotic sister chromatid segregation and nucleus organization, which were consistent with the 10 observed phenotypes of HMR mutations in Drosophila melanogaster (13, 15, 22, 33, 34 ). This 11 proximity-based proteome also strengthens the hypothesis that HMR localizes in between dCenpA 12 and HP1a containing chromatin as components of both domains are found in proximity of HMR.
13
Proteins that are biotinylated by all three factors were often highly abundant nuclear factors 14 constituting the splicing machinery or structural proteins such as NLP, D1 or Lamin, which are likely to 15 be in close proximity to most nuclear factors. As the long hydrogen peroxide treatment resulted in a
16
lower HP1aAP staining upon biotinylation, we also measured the HP1aAP proximity proteome upon 5 17 minutes of biotinylation. Due to the shorter biotinylation time we identified less specifically biotinylated 
21
suggesting that a longer biotinylation reaction covers a broader range of HP1aAP containing domains.
22
To identify proteins that specifically localize close to HMRAP and HP1aAP and are not distributed (Fig. 5B, left panel) . By classifying 9 chromatin domains using the five-state chromatin model (38) the HMR binding sites that colocalize 10 with the condensin subunit CAP-H2 were more frequently found at active chromatin or HP1a 11 containing heterochromatin (Fig. 5B, right panel) .
12
To simulate the hybrid situation where increased levels of the complex containing HMR and LHR are 13 found (13), we compared a HMR ChIP-seq analysis upon overexpression of HMR and LHR (39) 
18
( Fig. 5D ). Rad21 ChIP enrichment in contrast is non-discriminating for classes of HMR binding.
19
Architectural proteins, such as condensins and cohesins, were shown to cluster at TAD boundaries 
8
Within many organisms centromeres, pericentromeric heterochromatin and in some cases even 9 telomeres cluster to form a nuclear domain or aggregate called chromocenter (24). These aggregates 10 are frequently found at the nuclear periphery or around the nucleolus. Strikingly, we find HMR in 11 proximity of nucleolar components and members of the nuclear pore suggesting that it might function 12 in positioning the chromocenter within the nucleus after cell division.
13
Besides these structural components of the nucleus, the HMR proximity proteome also reveals its 14 close localization to factors that separate functional chromatin domains. This is consistent with 15 previous ChIP-seq mapping of HMR binding sites, which showed that a subset of HMR peaks border
16
HP1a containing chromatin at promoters of active genes (20). Many of these HMR binding sites also 17 colocalize with a condensin complex, two subunits of which we also find in close proximity to HMR.
18
The proximity of HMR with condensin and cohesin at sites that separate different chromatin domains 
30
In summary, our results suggest that HMR is, in conjunction with a highly complex molecular 31 machinery, involved in organizing the nuclear 3D structure. A failure of this tight regulation could then 32 interfere with this well-orchestrated and self-organized assembly process leading to a catastrophic 33 outcome such as hybrid lethality.
MATERIAL AND METHODS
1
Cloning. APEX fusions were cloned into pMT vector (13), which was cut with XbaI and NotI. GST-2 APEX was cloned into pGEX-6P-1 vector (13), cut with EcoRI and NotI. Cloning was performed with solubilization, NaCl (to 600 mM) and detergents (Triton X-100 to 1%, sodiumdeoxycholate (SOD) to 30 0.5% and SDS to 0.1%) were added and chromatin was incubated for 1h at 4°C. Nuclear extracts
31
were cleared by centrifugation 20 min 10000 g and dialyzed for 4 hours at 4°C through 3.5 MWCO were scraped off, washed one more time in quenching solution and subjected to nuclear extraction as 5 described above.
6
Mass spectrometry. Beads from APEX pulldowns were washed 3 times with 500 µl of 50 mM Tris 7 pH 7.5, 4M urea, and on-bead digestion was performed. Reduction was completed in 500 µl of 20 mM
8
DTT in 50 mM Tris, 2M urea pH 7.5 with Lys C 450 ng/sample at 27°C for 1h. Alkylation followed with 9 50 mM iodoacetamide for 1 h 25°C, shaking 900 rpm, and was stopped by addition of DTT to 10 mM 10 final concentration. The samples were incubated at 25°C shaking 900 rpm for 2 more hours. 300 µl
11
water was added to reduce urea concentration to 1.5 M, and 1.5 µg trypsin and 2 mM final 
35
were set to default except choosing "Match between runs" and LFQ and iBAQ quantitations.
5-state chromatin domains were taken from (43) from which "yellow" and "red" were merged to active 
16
Proteomic mapping of mitochondria in living cells via spatially restricted enzymatic tagging.
17
Science, 339, 1328-1331. 
12
Western blots of whole cell lysates from stable cell lines, expressing HMRAP, HP1aAP or APEXNLS. 21 Table S1 : List of primers used for cloning of Myc-HMR-APEX, Flag-HA-HP1a-APEX, Flag-HA-APEX-
22
NLS and GST-APEX constructs. 
23
